Introduction {#Sec1}
============

Bronchopulmonary dysplasia (BPD), or chronic lung disease of prematurity, is a pulmonary disease of premature infants affecting up to 40% of infants born prematurely \[[@CR1]\]. Despite new and innovative attempts at prevention and treatment, BPD continues to be a notable cause of morbidity and mortality \[[@CR2]--[@CR8]\], with \~5% of infants with severe BPD requiring tracheostomy \[[@CR9]\].

Historically, tracheostomy placement has been utilized primarily for infants with upper airway abnormalities leading to obstruction of breathing \[[@CR10], [@CR11]\]. In more recent years, tracheostomy has been utilized as a means to provide prolonged mechanical ventilation for infants with severe BPD. The development of this practice has led to questions about the long-term outcomes of this population and the effect of tracheostomy and prolonged ventilation on neurodevelopmental outcomes, particularly language and cognitive development.

Previous studies have examined neurodevelopmental outcomes in very low birthweight infants, extremely low birthweight infants, and infants with BPD (both mild and severe) \[[@CR2]--[@CR9], [@CR12]\]. These studies have demonstrated neurodevelopmental impairment in these infants, most notably in motor skills (both gross and fine), cognitive skills, and language development, when compared with their peers. These studies have also shown worsening neurodevelopmental outcome with increasingly more severe BPD.

An article published in 2014 by the Neonatal Research Network found that infants with tracheostomies had worse developmental outcomes when compared with infants of similar gestational ages \[[@CR9]\]. However, this study did not specifically analyze infants with BPD to see whether tracheostomy independently impacted their neurodevelopmental outcomes, but rather looked at overall development, including hearing and vision impairment and cerebral palsy, grouped together with other developmental testing.

To date, no research has been published that directly compares the cognitive and language outcomes of infants with severe BPD who have undergone tracheostomy placement to those with severe BPD who have not undergone tracheostomy. We conducted this study to test the hypothesis that infants with severe BPD who receive tracheostomy will have worse language and cognitive outcomes than infants with severe BPD who do not require tracheostomy.

Methods {#Sec2}
=======

This is a retrospective cohort study of infants who received tracheostomy within the first 2 years of life at the level IV intensive care nursery of Children's Mercy Hospital (CMH) in Kansas City, Missouri. This hospital serves as a regional referral center for patients with severe BPD who require evaluation for tracheostomy placement for purposes of prolonged assisted ventilation. For this study, severe BPD was defined as a need for invasive positive pressure, noninvasive positive pressure, continuous positive airway pressure, or high flow nasal cannula with an oxygen requirement of 30% or more \[[@CR1], [@CR13]\]. The data for this study have been provided by the Center for Infant Pulmonary Disorders (CIPD). The CIPD houses the Infant Pulmonary Disorders Data Repository, which collects de-identified data with CMH Institutional Review Board approval.

Inclusion criteria consisted of all infants born between January 1, 2010 and December 31, 2015 at gestational age of less than 36 weeks and developed severe bronchopulmonary dysplasia (sBPD) and received tracheostomy during their initial hospitalization, for purposes of long-term mechanical ventilation at home, and who were followed after hospital discharge in a designated medical home called the Children's Mercy Infant Tracheostomy and Home Ventilator Clinic. Exclusion criteria were death before hospital discharge, death after discharge prior to reaching 2 years of age, known diagnosis of craniofacial malformations, genetic diagnosis known to cause hearing loss, and infections leading to hearing loss. This cohort was compared with infants hospitalized within the same time period who were born at less than 36 weeks gestation and developed sBPD but were able to wean off mechanical ventilation and did not require tracheostomy. In addition, patients who were tested with a different scale of neurodevelopment were excluded, as those results were not numerically comparable. Patients who attempted bud did not complete the full Bayley testing were excluded as well. The primary outcomes measured were cognitive and total language scores at 2--3 years of age as determined by the *Bayley Scales of Infant and Toddler Development, 3rd Edition* \[[@CR14]\].

Previous studies have validated a mean score of 100 representing average development, with a standard deviation of 15 \[[@CR14]\]. Based on validation studies, a score of 85 indicates risk for developmental impairment and a score of 70 indicates profound developmental impairment \[[@CR2], [@CR15]--[@CR17]\].

Data analysis {#Sec3}
-------------

Descriptive statistics were calculated for demographic variables, total language and cognitive scores, and other clinical variables. A convenience sample of 54 patients was sufficiently powered to complete *t*-test between the study groups. Comparisons were conducted between patients with tracheostomies and those without them using two-sided independent *t*-test for continuous variables and Chi-Square or Fisher's exact test for categorical variables. Multiple regression analysis was done to determine the impact of patient gender, size at birth (appropriate for gestational age vs small for gestational age), and maternal insurance and maternal education, used as a proxy for socioeconomic status, on both language and cognitive delay. In addition, the level of respiratory support at the time of classification into severe BPD, the airway endoscopy findings and the length of hospital stay were compared between the two groups. All statistical tests were two-sided and conducted at the alpha = 0.05 level. Statistical analysis was done using SAS software version 9.4 (SAS Institute Inc., Cary, North Carolina, USA).

Results {#Sec4}
=======

Of the 137 infants evaluated for inclusion, 54 infants met criteria to be analyzed for this study. (Fig. [1](#Fig1){ref-type="fig"}) Twenty-six patients with tracheostomies and twenty-eight patients without tracheostomies were identified. The results of *The Bayley Scales of Infant and Toddler Development, 3rd Edition* were analyzed for Language and Cognitive development. Demographics were similar between the two cohorts, tracheostomy vs no tracheostomy, with a statistically significant differences in the following: racial distribution, respiratory support at 36 weeks PMA, presence of tracheobronchomalacia (TBM) diagnosed by bronchoscopy, length of hospital stay, and age at hospital discharge. (Table [1](#Tab1){ref-type="table"}) For each patient cohort, we analyzed the reported range for both total language development and cognitive development. The motor scale scores of development was also reported although this was not part of the primary outcome of interest. We used the numerical composite scores for each of the main scales of development. Each composite score was then used to determine the equivalent qualitative range of impairment such as profound, severe, moderate, borderline, etc., by using the standard psychometric conversion table. There was no significant difference in language composite score between patients with tracheostomies and those without (trachs mean = 75.19 (SD = 17.30), or median 74 (IQR 59,86) and nontrachs mean = 77.18 (SD = 14.08), or median 79 (IQR 71, 86); *p* value = 0.645). (Table [2](#Tab2){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}) The analysis of cognitive development also showed no significant difference (trachs mean = 80.77 (SD = 12.70), or median 85 (IQR) 75, 90) and nontrachs mean = 79.64 (SD = 11.05) or median 80 (IQR) 75, 85); *p* value = 0.729). (Fig. [2](#Fig2){ref-type="fig"}) When the proportion of patients were analyzed based on the qualitative levels of impairment in those with trachs and without trachs, there was no statistical significance between the two groups also (Table [2](#Tab2){ref-type="table"}).Fig. 1Consort tableTable 1Patient demographicsVariablesTracheostomy (*n* = 26)No tracheostomy (*n* = 28)*p* valueGestational age (weeks)^a^25 (24, 28)26 (25, 28)0.267Birth weight (grams)^a^743 (620, 950)855 (760, 1022)0.315Male sex^b^11 (42.3%)19 (67.9%)0.059Admission age (days)^a^68 (0, 103)1.5 (0, 32)0.006Respiratory support at 36 weeks^b^ Noninvasive (CPAP/NIV)7 (26.9%)16 (57.1%)0.016 Invasive (endotracheal tube)14 (53.8%)7 (25.0%)Airway endoscopy^b^25 (96.2%)8 (28.6%)\<0.001Tracheobronchomalacia^b^10 (38.5%)0 (0%)\<0.001Tracheostomy age (PMA, weeks)41 (38.4, 44.1)N/aLength of stay (days)148 (105, 183)114 (102, 125)0.006Discharge age (PMA, weeks)^a^55.8 (53, 63)45.6 (42, 53)\<0.001Hearing aids^b^4 (15.4%)1 (3.6%)0.184Tympanostomy tubes^b^3 (11.5%)1 (3.6%)0.342Maternal age^a^24 (21, 30)29 (21.5, 32)0.138Highest maternal education^b^ High school not completed1 (3.8%)2 (7.1%)0.915 High school/GED3 (11.5%)6 (21.4%) College6 (23.1%)5 (17.9%) Masters1 (3.8%)0 (0%) Unknown15 (57.7%)15 (53.6%)Maternal insurance^b^ Medicaid13 (50%)20 (71.4%)0.134 Private12 (46.2%)6 (21.4%) None1 (3.8%)2 (7.2%)Maternal race/ethnicity^b^ White22 (84.6%)12 (42.9%)\<0.001 Black/African American1 (3.8%)12 (42.9%) Hispanic0 (0%)3 (10.7%) Other2 (7.7%)1 (3.6%) Unknown1 (3.8%)0 (0%)*CPAP* continuous positive airway pressure, *NIV* noninvasive ventilation, *PMA* postmenstrual age, *GED* general education diploma^a^Data presented as median (interquartile range)^b^Data presented as number (percentage)Table 2Results of Bayley Scales of Infant and Toddler DevelopmentDomainTracheostomy (*n* = 26)No tracheostomy (*n* = 28)*p* valueCognitive score^a^85 (75, 90)80 (75, 85)0.729Cognitive impairment^b^ Profound11 (42.3%)13 (46.4%)0.448 Severe6 (23.1%)10 (35.7%) Moderate9 (34.6%)5 (17.9%)Language score^a^74 (59, 86)79 (71, 86)0.645Language impairment^b^ Profound17 (65.4%)18 (64.3%)0.317 Severe5 (19.2%)6 (21.4%) Moderate2 (7.7%)4 (14.3%) Borderline2 (7.7%)0 (0%)Motor score^a^76 (70, 85)85 (78, 88)0.217Motor impairment^b^ Profound15 (57.7%)12 (42.9%) Severe7 (26.9%)11 (39.3%)0.672 Moderate3 (11.5%5 (17.9%) Borderline1 (3.8%)0 (0%)Receptive language score^c^7 (5, 9)6 (6, 8)0.237Expressive language score^c^5 (2, 7)7 (4, 7)0.265Gross motor score^c^7 (4, 7)7 (6, 8)0.296Fine motor score^c^8 (5, 8)8 (7, 9)0.406Age at testing (months)25.5 (23, 28)26.5 (25, 28)0.765^a^Composite scores reported in median (interquartile range) for the three main scales (cognitive, language and motor)^b^Qualitative range of impairment based on psychometric conversion table, reported in number (%)^c^Scale scores reported as median (interquartile range) for the subscales of receptive/expressive language and gross/fine motor (with missing data for 7 with tracheostomy and 5 with no tracheostomy)Fig. 2**a** Box and whisker plot for total language score. **b** Box and whisker plot for total cognitive score on Bayley. Horizontal dashed line represents the standardized mean score. Horizontal dotted line represents the highest possible score

Of note, the majority of patients in both cohorts had profound impairment in all the three scales of development. Using the scale scores for each of the subscales of development, namely, receptive/expressive language and gross/fine motor, there was no statistical difference found between the trach and no trach groups, although there were a number of patients in each group (7 for with trachs and 5 for with no trachs) whose scores were not able to be determined.

In the multiple regression analysis, insurance status (either public insurance/no insurance vs private insurance) had an effect on language and cognition composite scores while controlling for trach status (*p* value = 0.0291 for model looking at language composite score and *p* value = 0.0354 for model looking at cognitive composite score). Higher composite scores for both language and cognition were observed in patients with private insurance. It should also be noted that there was an association between maternal education and insurance status (Fisher's *p* value = 0.0004).

Discussion {#Sec5}
==========

The data analyzed from this study suggest that a tracheostomy does not significantly impact the language and cognitive development of patients with severe BPD. This is important, as some literature has postulated that the placement of a tracheostomy in an infant or child may independently contribute to neurodevelopmental delay. A study in 2003 suggested that mechanical interference of the tracheostomy tube with vocal cord function may contribute to abnormal language development, and that decannulation at the earliest possible time may ameliorate this effect \[[@CR18]\]. It has also been postulated that disruption of airflow across the glottis, Eustachian tube dysfunction, or other causes of hearing loss may contribute to alterations in development of language skills \[[@CR11]\]. However, the underlying comorbidities inherent with a diagnosis of severe BPD are not to be discounted. A 2018 secondary analysis of the ELGAN study by Sriram et al. demonstrated consistent intellectual impairment among children at 10 years of age who had a diagnosis of severe BPD on multiple neurocognitive tests \[[@CR19]\]. In addition, infants with severe BPD scored lowest in multiple domains, including language and cognitive development \[[@CR19]\]. Given this background in combination with our findings, it is reasonable to conclude that severe BPD itself confers developmental impairment, rather than the addition of a tracheostomy.

When comparing the cohort of infants with tracheostomy for severe BPD to those without tracheostomy, we observed several notable findings. First, the age at admission to our institution was significantly different between the two cohorts. This difference is likely due to the nature of the home ventilator program at our institution, which routinely accepts patients from surrounding level III NICUs who have been unable to wean off of positive pressure for various reasons, and ultimately require tracheostomy for long-term mechanical ventilation.

Second, the age at discharge was significantly higher for the tracheostomy group than for the control group. Several factors may lead to this difference, including the increased severity of illness in patients requiring tracheostomy, comorbidities, such as BPD-associated pulmonary hypertension and TBM, and the additional burden placed on families to learn the routine cares required to manage an infant with tracheostomy and assisted ventilation in a home setting. Furthermore, it can be challenging to find private duty home nursing for infants with tracheostomy and home ventilation for the population of patients who come from surrounding rural areas. This delay in discharge is not unique to our institution, and was recently highlighted by Maynard et al., who showed an increase in hospital stay of 35--53 days on average for children with home health care needs, a notable percentage of whom were born preterm and required tracheostomy \[[@CR20]\].

Third, this study revealed a gender and race discrepancy in patients who received tracheostomy for severe BPD, with the largest proportion white and female. Prior studies, such as a prospective cohort study by Keller et al. and a retrospective chart review by Strang et al. demonstrated white infants as the largest proportion of tracheostomy recipients \[[@CR21]\]. However, both studies showed a greater proportion of male infants than female infants who received tracheostomy. The difference shown in our study may be due to the referral base, which is predominantly white, or may simply be due to artifact from the relatively small sample size. A larger cohort may more accurately depict representative demographics.

Evaluation of the respiratory support required by each cohort is notable for the requirement of intubation for more infants with tracheostomy at 36 weeks' postmenstrual age. It is a logical conclusion that the infants who required tracheostomy were more ill, and therefore required a higher level of respiratory support. This respiratory support difference highlights a larger proportion of infants who did not require tracheostomy who remained on positive pressure (either continuous positive airway pressure or noninvasive positive pressure ventilation) rather than requiring intubation at this same PMA. Of note, all infants who required nasal cannula required either high flow nasal cannula or \>30% FiO~2~ to meet the definition of severe BPD at 36 weeks' PMA. Although there is no consensus as to the appropriate timing for tracheostomy placement in infants with severe BPD, the median age for tracheostomy placement for our cohort was 41 ((IQR) 38.4, 44.1) weeks PMA, which is comparable with most regional centers.

Recently, the contribution of acquired airway abnormalities such as TBM in infants with severe BPD has been recognized. Hysinger et al. found that 36.2% of infants with BPD has TBM by bronchoscopy. When compared with a cohort of those BPD infants without TBM, infants with TBM had longer and more complicated hospitalizations, and need for prolonged mechanical ventilation \[[@CR22]\]. Although our cohort is much smaller in number, the proportion of those with TBM is almost the same, (i.e., 38.5%). These infants with TBM in our cohort are more likely to receive tracheostomy for long-term ventilation.

The multiple regression analysis highlights the impact of maternal education and maternal insurance, used here as a surrogate for socioeconomic status, on neurodevelopmental outcomes in infants with severe BPD. Patra et al. demonstrated that the negative impact of lower levels of maternal education on cognitive, language, and motor outcomes in infants born preterm when evaluated at 2 years of age \[[@CR23]\].

Socioeconomic disadvantage was shown to negatively impact neurodevelopment though early childhood by Hung et al. who concluded that the impact lasts at least through the beginning years of schooling \[[@CR24]\]. This finding is consistent with the previously published literature that identified both maternal education and socioeconomic status as predictive factors for infant development \[[@CR25], [@CR26]\].

Strengths of this study {#Sec6}
-----------------------

This study was a targeted analysis of development in infants with the most severe phenotype of BPD, an analysis which has previously been completed secondarily. Since infants in both cohorts were cared for in the same NICU at the time of tracheostomy placement, one can conclude that the decision of whether or not to place a tracheostomy was made by the same physician groups. However, many patients were transferred to our center after hospitalization at outlying level III NICUs, with potentially different management prior to the time of transfer. This may represent a heterogeneous treatment paradigm for these patients, potentially impacting their ultimate need for tracheostomy. All patients identified were followed outpatient by the same institution, and had developmental testing done by two dedicated clinicians, limiting the potential for interpretation bias.

Limitations of this study {#Sec7}
-------------------------

There were a number of patients in both cohorts who had neurodevelopmental testing done using an alternative tool who were not analyzed as results between different tests are not directly comparable. Patients in both cohorts were lost to follow up prior to neurodevelopmental testing may represent a subset who had "normal" outcomes and were not captured. It is worth noting that abstraction of the data for this project identified several patients from both groups who were unable to complete the subscale tests for receptive/expressive language and gross/fine motor components due to severe neurocognitive impairment and there may be a difference in outcome that could not be identified.

Some recent literature suggests that Bayley III overestimates development. However, the comparison in this study showed no difference, suggesting that the two cohorts are equivalent. This is a very important observation as there is a growing evidence that suggests that chronic ventilation via a tracheostomy is beneficial to support the growth and development of infants with severe BPD \[[@CR27]\]. When chronic respiratory insufficiency limits the BPD infant's ability to grow and develop, chronic invasive ventilation through a tracheostomy may be a better option to facilitate neurodevelopmental progress and may lead to an improved long-term outcome. Lastly, we were unable to control for intensity of outpatient therapies, which may differ between the two cohorts due to the Infant Home Ventilator program at Children's Mercy, which provides a robust and structured multidisciplinary approach to therapeutic follow up.

In conclusion, we found that infants with severe BPD requiring tracheostomy had no significant difference in language and cognitive development as compared with infants with severe BPD who did not require tracheostomy. A multicenter collaboration with a larger cohort is needed to further validate our findings.
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